The motility and signaling functions of the primary cilium require a unique protein and lipid composition that is determined by gating mechanisms localized at the base of the cilium. Several protein complexes localize to the gating zone and may regulate ciliary protein composition; however, the mechanisms of ciliary gating and the dynamics of the gating components are largely unknown. Here, we used the BiFC (bimolecular fluorescence complementation) assay and report for the first time on the protein-protein interactions that occur between ciliary gating components and transiting cargoes during ciliary entry. We find that the nucleoporin Nup62 and the C termini of the nephronophthisis (NPHP) proteins NPHP4 and NPHP5 interact with the axoneme-associated kinesin-2 motor KIF17 and thus spatially map to the inner region of the ciliary gating zone. Nup62 and NPHP4 exhibit rapid turnover at the transition zone and thus define dynamic components of the gate. We find that B9D1, AHI1, and the N termini of NPHP4 and NPHP5 interact with the transmembrane protein SSTR3 and thus spatially map to the outer region of the ciliary gating zone. B9D1, AHI1, and NPHP5 exhibit little to no turnover at the transition zone and thus define components of a stable gating structure. These data provide the first comprehensive map of the molecular orientations of gating zone components along the inner-to-outer axis of the ciliary gating zone. These results advance our understanding of the functional roles of gating zone components in regulating ciliary protein composition.
INTRODUCTION
Cilia and flagella are organelles that play critical roles in cell and organismal biology, from driving motility to sensing the extracellular environment [1] . Cilia function requires a specific protein and lipid composition that is determined by gating mechanisms located at the base of the cilium [2] [3] [4] . Defects in the generation or function of primary cilia can result in severe developmental and sometimes lethal disorders, collectively called ciliopathies [5, 6] .
A large number of proteins have been localized to the base of the cilium and implicated in regulating protein entry into the compartment. First, genetic mutations associated with the ciliopathies Meckel-Gruber syndrome (MKS) and Joubert syndrome revealed a complex of proteins (the MKS complex) whose knockout or knockdown results in alteration of membrane protein composition across species [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Second, genetic mutations associated with the ciliopathy nephronophthisis (NPHP) revealed a protein complex whose knockout or knockdown results in alteration of both soluble and membrane protein composition [18] [19] [20] . Third, a number of nucleoporins (NUPs), known for their localization to and function in gating at nuclear pore complexes (NPCs) in the nuclear envelope, cause alteration of ciliary soluble protein content upon disruption of their function [21] [22] [23] [24] .
Despite the identification of MKS, NPHP, and NUP proteins as components of the ciliary gating zone and their biochemical characterization into complexes, their functions in ciliary gating are largely unknown. The difficulty stems, at least in part, from an inability to separate the direct effects of loss of function in a particular component from indirect effects on the localization and/or function of other ciliary components. We recently developed an assay using forced crosslinking of the central nucleoporin Nup62 to rapidly and specifically block NUP complex function. We found that crosslinking Nup62 blocked active transport of cytosolic proteins into the ciliary compartment but had minimal effect on the entry of membrane proteins [24] . Similar assays have not yet been applied to determine the functions of MKS and NPHP complex proteins in ciliary gating.
It is also unclear how the structure and organization of the ciliary gating zone, including the locations of the MKS, NPHP, and NUP components, relate to the paths of entry for soluble and membrane proteins. In cultured mammalian cells, MKS components and the NPHP1-4-8 module components localize to a region at the base of the cilium termed the transition zone [8-10, 13, 16, 25-27]. NPHP5-6 module components and NUPs generally localize below the transition zone [10, [21] [22] [23] [24] [25] 27] .
To begin to address the function and organization of MKS, NPHP, and NUP components in ciliary gating, we utilized the bimolecular fluorescence complementation (BiFC) assay to detect protein-protein interactions between gating components and ciliary proteins transiting the gating zone. The results provide a map that for the first time integrates the molecular orientations of key gating components with their functions at the ciliary gating zone. Using fluorescence recovery after photobleaching (FRAP), we further provide the first comparison of the dynamics of MKS, NPHP, and NUP components at the ciliary gating zone. This work advances our understanding of how proteins are targeted to the ciliary compartment and has implications for understanding a large number of cellular signaling pathways and the resultant diseases of their dysfunction.
RESULTS

Using the BiFC Assay to Map Protein-Protein Interactions in the Ciliary Gating Zone
To obtain a map of the protein-protein interactions that occur during the ciliary entry process, we utilized the BiFC assay [28] . In this assay, the N-terminal or C-terminal fragments of a yellow fluorescent protein (YFP) variant (hereafter termed ''YN'' and ''YC,'' respectively) are fused to proteins of interest. The YFP fragments display little to no self-association and are nonfluorescent, but when brought into close proximity via interactions of their fusion partners, the fragments assemble a YFP molecule and display fluorescence. YFP fluorescence thus provides a direct visualization of protein interactions within the cellular environment. We reasoned that, when a soluble ciliary protein tagged with YN and a NUP component tagged with YC were co-expressed, the cytosolic protein would be trapped by the NUP during ciliary entry and would emit fluorescence at the cilium base ( Figure 1A, left) . Similarly, we reasoned that a cilium-targeted transmembrane protein tagged with YN would show an interaction with a YC-tagged transition zone protein localized at the ciliary membrane ( Figure 1A, right) .
Because our previous work demonstrated that the channel nucleoporin Nup62 is involved in ciliary entry of the cytosolic kinesin-2 motor KIF17 [24] , we used the combination of Nup62-YC and KIF17-YN to evaluate the BiFC assay. BiFC-tagged proteins were identified by immunostaining for epitope tags and/or by fluorescent protein tags (Table S1 ; Figure S1 ). When expressed in NIH 3T3 cells without a BiFC partner, Nup62-YC localized to the base of the cilium as expected [23] , whereas KIF17-YN localized to the tip of the cilium as expected [29] (Figure 1B ). In cells expressing both Nup62-YC and KIF17-YN, a BiFC signal was detected in cilia with little to no fluorescence complementation in the rest of the cell ( Figures 1C, 1F , and S1A). The BiFC signal at the base of the cilium ( Figures 1C and 1F ) was expected and suggests that KIF17 interacts with Nup62 during its entry into the ciliary compartment. The BiFC signal at the tip of the cilium (Figures 1C and 1F) was not expected and suggests that KIF17 drags Nup62 to the tip of the cilium once their association becomes irreversible due to the reconstituted YFP. To verify that the BiFC signal between Nup62-YC and KIF17-YN is due to their interaction at the ciliary base, we carried out two control experiments. First, Nup62-YC showed little to no BiFC signal when coexpressed with a KIF17 motor lacking its ciliary localization signal (KIF17DCLS-YN; Figures 1D, 1F , and S1B). Second, Nup62-YC showed little to no BiFC signal when co-expressed with a cytosolic protein larger than the ciliary size exclusion limit (YN-SAH-FKBP; consisting of a 30-nm-long single alpha helix [SAH] and a FKBP protein; Figures 1E, 1F , and S1C). These results support the hypothesis that the interaction between Nup62-YC and KIF17-YN occurs during ciliary entry of KIF17.
We hypothesized that KIF17-YN first interacts with Nup62-YC at the cilium base and then drags Nup62-YC to the cilium tip. To address this, we examined the time course of these interactions by replacing the BiFC assay with the rapamycin-induced heterodimerization of FKBP and FRB domains. In the absence of rapamycin, Nup62-FRB localized to the base of the cilium, whereas KIF17-FKBP localized to the tip of the cilium ( Figure 1G ). 10 min after addition of rapamycin, a small amount of KIF17-FKBP was trapped at the cilium base and a small portion of Nup62-FRB localized to the cilium tip ( Figure 1H ). 30 min after addition of rapamycin, the level of KIF17-FKBP trapped at the base remained constant, presumably due to the transient nature of kinesin transport through the gating zone, whereas the amount of Nup62-FRB dragged to the cilium tip increased ( Figure 1I ).
Taken together, these results demonstrate that the BiFC assay is applicable for detecting interactions between gating zone components and ciliary proteins entering the compartment. In addition, as the transiting KIF17 protein is a kinesin motor that interacts directly with doublet microtubules of the axoneme, these results spatially map Nup62 to the inner region of the ciliary gating zone.
Interactions between NUPs and Ciliary Proteins in BiFC Assay
We thus used the BiFC assay to map the spatial locations and functional interactions of gating zone components by detecting their interactions with the axoneme-associated motor KIF17, a soluble protein (Gli2; a transcription factor in the Hedgehog signaling pathway), and the transmembrane proteins SSTR3 (serotonin receptor) and GPR161 (orphan G-protein coupled receptor [GPCR] ). These two transmembrane proteins were chosen because the length of their cytosolic tails (103 amino acids for SSTR3 versus 202 amino acids for GPR161) could influence their interactions with gate components. In the absence of a BiFC partner, YN-Gli2 localized to the tip of the cilium, whereas SSTR3-YN and GPR161-YN localized along the ciliary membrane ( Figure 2A) .
When co-expressed with Nup62-YC, YN-Gli2 was trapped by Nup62-YC at the cilium base and it also dragged Nup62-YC to the cilium tip ( Figures 2B and 2E) , with little interaction in the rest of the cell ( Figure S2A ). SSTR3-YN showed no detectable BiFC interactions with Nup62-YC ( Figures 2D, 2E , and S2C); however, GPR161-YN was trapped by Nup62-YC at the cilium base and it also dragged Nup62-YC to the cilium shaft ( Figures  2C, 2E , and S2B). It may be that the longer cytosolic tail of GPR161 allows it to come in proximity of Nup62-YC during ciliary entry ( Figure 2G ), even though Nup62 does not play a critical role in regulating its entry [24] . Quantification of the ciliary content of Nup62-YC, KIF17-YN, and SSTR3-YN demonstrates that the ability to interact and reconstitute the YFP (positive BiFC) is not dependent on the levels of protein expression ( Figure S2D ).
These results suggest that Nup62 interacts with KIF17, Gli2, and GPR161, but not SSTR3, during the entry of these proteins into the ciliary compartment ( Figure 2G ).
To further examine the interactions between NUPs and ciliary proteins at the ciliary gating zone, we applied the BiFC assay to nucleoporin Nup93 that forms part of a scaffold complex of the NPC [30] and localizes to the cilium base ( Figure S3A ) [23] . We generated YC-tagged versions of Nup93 and tested the interactions with transiting ciliary proteins. Neither YC-Nup93 nor Nup93-YC displayed a BiFC interaction with the axoneme-associated motor KIF17-YN ( Figures 2F, S3B , S3F, and S3J) or with the transmembrane protein SSTR3-YN ( Figures 2F, S2E , and S2I). However, both Nup93 constructs displayed BiFC interactions at the base and tip of the cilium with the cytosolic protein YN-Gli2 ( Figures 2F, S3C , S3G, and S3J) and BiFC interactions at the base and/or shaft of the cilium with GPR161-YN ( Figures  2F, S3D , and S3H). The ability to form a BiFC interaction was independent of protein expression level ( Figure S3J ). The fact that Nup93 is unable to interact with the axoneme-associated motor KIF17 or the transmembrane protein SSTR3 ( Figure 2F ) suggests that Nup93 occupies a central position in the inner-outer axis of the ciliary gating zone ( Figure 2G ). These results also provide strong support for the model that NUP components play a functional role in ciliary gating [3, 4] . Table S1 for full description of constructs. See Figure S1 for uncropped images. 
MKS Components Interact with Membrane Proteins and IFT Cargoes during Ciliary Gating
We next applied the BiFC assay to examine the spatial locations and functional interactions of members of the MKS complex. We focused on B9D1 and AHI1 due to the proper localization of tagged versions to the base of the cilium ( Figure 3A ) [8, 31] . For YC-B9D1, a BiFC interaction could not be reliably detected with the cytosolic protein KIF17-YN ( Figures 3E, S4A , and S4E), whereas a BiFC interaction was observed with YN-Gli2 at the base and/or tip of most cilia ( Figures 3E and S4B ). When YC-B9D1 was co-expressed with the transmembrane proteins SSTR3-YN or GRP161-YN, strong BiFC interactions were observed and YC-B9D1 was dragged into the shaft of the cilium due to these interactions ( Figures 3B, 3E , S4C, and S4D). The ability to form a BiFC interaction was independent of protein expression level ( Figure S4E ). We hypothesized that the interactions between YC-B9D1 and the transmembrane proteins occur during transit of SSTR3 and GPR161 through the ciliary gating zone. In support of this, BiFC interactions were not detected for YC-B9D1 with two transmembrane proteins excluded from the ciliary compartment, caveolin and transferrin receptor ( Figure S5 ).
For AHI1, the ability to interact with ciliary proteins and reconstitute YFP depended on where the split-YFP fragment was located. When the YC fragment was placed at the N terminus of AHI1 (YC-AHI1), BiFC interactions were not reliably observed for KIF17-YN, whereas ciliary BiFC signal was detected for YN-Gli2, SSTR3-YN, and GPR161-YN ( Figures 3D, 3F , and S4F-S4I). When the YC fragment was placed at the C terminus of AHI1 (AHI1-YC), ciliary BiFC signals were observed with both cytosolic proteins (KIF17-YN and YN-Gli2; Figures 3C, 3F , S4J, and S4K) and with both transmembrane proteins (SSTR3-YN and GPR161-YN; Figures 3F, S4L , and S4M). These results suggest that the AHI1 is oriented within the gating zone such that its N terminus is localized close to the ciliary membrane, whereas its C terminus is localized in the central region of the gating zone and along the entry path of both soluble and transmembrane proteins ( Figure 3G ). 
NPHP Components Interact with Cytosolic and Membrane Proteins during Ciliary Gating
To gain an understanding of the spatial locations and functional roles of NPHP module proteins in ciliary entry, we focused on NPHP4 and NPHP5 ( Figure 4A ). The BiFC interactions of NPHP4 depended on the location of the YC fragment fusion. When the YC fragment was fused to the N terminus of NPHP4 (YC-NPHP4), a BiFC interaction was reliably detected only with SSTR3-YN ( Figures 4B, 4E , S6A-S6D, and S6I). These results suggest that the N terminus of NPHP4 resides close to the ciliary membrane, where it can engage with the shorter tail of SSTR3, but not the longer tail of GPR161 ( Figure 4G ). When the YC fragment was fused to the C terminus of NPHP4 (NPHP4-YC), strong BiFC interactions were observed at the base and tip of cilia with both of the cytosolic proteins, KIF17-YN and YN-Gli2 ( Figures  4C, 4E , S6E, and S6F), whereas no BIFC interactions were detected with either of the transmembrane proteins, SSTR3-YN and GPR161-YN ( Figures 4E, S6G , and S6H). The ability to form a BiFC interaction was independent of protein expression level ( Figure S6I ). These results suggest that the C terminus of NPHP4 is positioned away from the ciliary membrane and may lie close to the axonemal microtubules ( Figure 4G ).
In contrast to the restricted interactions observed for NPHP4 ( Figure 4E ), numerous BiFC interactions were observed for NPHP5 ( Figures 4D, 4F , and S6J-S6Q). These results suggest that NPHP5 is centrally located within the ciliary gating zone such that it can interact with both soluble and transmembrane proteins as they transit the gating zone ( Figure 4G ). The absence of a BiFC interaction between YC-NPHP5 and KIF17-YN suggests that the N terminus of NPHP5 is oriented toward the ciliary membrane, whereas the minimal BiFC interactions between NPHP5-YC and SSTR3-YN suggests that the C terminus of NPHP5 is oriented toward the axonemal microtubules ( Figure 4G ). 
Dynamics of Ciliary Gating Zone Components
One of the most surprising findings in the BiFC assay was that the ciliary gating components could be dragged from their resident location to that of the interacting partner. For example, Nup62-YC was dragged to the tip of the cilium by KIF17-YN (Figures 1C and 1F ) and YC-B9D1 was dragged to the ciliary shaft by SSTR3-YN ( Figures 3B and 3E) . These results suggest that components of the ciliary gating zone are not static within the macromolecular complex but rather undergo dynamic associations with the complex.
To directly measure the dynamic nature of ciliary gating zone components, we applied a fluorescence recovery after photobleaching (FRAP) assay. For the NUP component Nup62-mCit, $70% fluorescence recovery was obtained within 5 min after photobleaching ( Figures 5A and 5F ), suggesting that the majority of Nup62 protein at the base of the cilium is highly mobile. In contrast, the MKS components B9D1 ( Figure 5B ) and AHI1 (Figure 5C ) displayed a large immobile fraction, suggesting that these are stable components of the gating zone. For the NPHP components, NPHP4 appeared to be a relatively dynamic component, with $60% recovery within 5 min after photobleaching ( Figures 5D and 5F ), whereas NPHP5 appeared to be a stable component, with little to no fluorescence recovery ( Figure 5E ). These results suggest that NPHP components can vary greatly in their dynamics and that NPHP subcomplexes are likely to play distinct structural (stable) or functional (dynamic) roles at the ciliary gating zone.
The relative stability of B9D1-mNeonGreen in the FRAP assay ( Figure 5B ) appeared to be at odds with the ability of YC-B9D1 to be dragged to the ciliary tip by YN-Gli2 and to the ciliary shaft by Table S1 for full description of the constructs. See Figure S6 for images of all NPHP4 and NPHP5 BiFC interactions. Figures 3E and  S4B-S4D ). We reasoned that the time course of the BiFC assay (typically 16 hr) is likely to be longer than the turnover rates of even stable gating components, such as B9D1. To further examine the dynamics of B9D1 and the time course of its interactions, we utilized rapamycin to drive interactions between FRB-B9D1 and SSTR3-FKBP. In the absence of rapamycin, FRB-B9D1 localized to the base of the cilium and SSTR3-FKBP localized to the shaft of the cilium ( Figure 6A ). After 30 min of rapamycin treatment, the transfer of FRB-B9D1 into the cilium could be observed in only a few cells (Figures 6B  and 6D ). Longer rapamycin treatment resulted in an increase in the number of cells with co-localization of FRB-B9D1 and SSTR3-FKBP in the cilium ( Figures 6C and 6D ). These results suggest that the lifetime of B9D1 at the base of the cilium is on the order of several hours and that this turnover rate allows B9D1 to be dragged into the cilium when stably associated with transiting proteins in the BiFC assay.
SSTR3-YN and GPR161-YN in the BiFC assay (
DISCUSSION
To gain insight into the localizations, interactions, and functions of ciliary gating components, we used the BiFC assay and report for the first time on the protein-protein interactions that occur between ciliary gating components and transiting cargoes during ciliary entry. We also provide the first comparison of the dynamics of ciliary gating components in mammalian cells. Together, these data provide a map of the spatial and temporal organization of the ciliary gating zone (Figure 7) .
Nup62 is likely to be one of the innermost components of the ciliary gating zone, as it displays BiFC interactions with both cytosolic proteins (KIF17 and Gli2), whereas Nup93 most likely resides peripheral to Nup62, as it displays BiFC interactions only with Gli2 ( Figures 7A and 7B ). Both NUPs appear to reside below the transition zone ( Figure 7B ), perhaps at the transition fibers or basal appendages of the centriole. Interestingly, both NUP components displayed interactions with the long cytoplasmic tail of the transmembrane protein GPR161. Thus, although Nup62 does not play a functional role in regulating the transit of membrane proteins through the ciliary gating zone [24] , the tail segments of some transmembrane proteins may reach to the inner region of the gating zone, where Nup62 and Nup93 reside. This is similar to nuclear gating, where the long cytoplasmic tails of some transmembrane proteins can extend into the NPC [32] . Alternatively, the ability of GPR161, but not SSTR3, to interact with NUP components may be due to other differences, such as their interaction partners or time of transit through the gating zone.
We found that Nup62 is a highly dynamic component of the ciliary gating zone (Figure 7B ), as it shows rapid exchange between ciliary and cytoplasmic pools in a FRAP assay ( Figure 5A ) and co-localization with the transiting KIF17 motor within 10 min of forced interaction ( Figure 1H ). The short residence time of Nup62 within the ciliary gating zone is similar to its dynamics in the NPC [33] [34] [35] . The rapid mobility of nucleoporins, such as Nup62, may enable structural and compositional flexibility of both nuclear and ciliary barriers. Consistent with this, forced crosslinking of Nup62 resulted in attenuated entry of cytosolic proteins into both the nuclear and the ciliary compartments [24] .
The MKS complex proteins B9D1 and AHI1 contain lipid-binding domains, and both proteins showed BiFC interactions with transiting transmembrane proteins ( Figure 7A ), indicating that these MKS proteins map to the outer region of the ciliary gating zone ( Figure 7B ) and are thus positioned to regulate the entry of membrane proteins into the ciliary compartment. This is consistent with recent superresolution imaging in mammalian cells that localized the MKS module components TMEM67, TMEM237, and AHI1 to a ring whose diameter corresponds to that of the ciliary membrane [12, 27, 31] . As B9D1 and AHI1 are peripheral membrane proteins, we were surprised to find that they are stable components of the ciliary gating zone ( Figure 7B ). Both proteins show a large immobile fraction in the FRAP assay ( Figure 5) , consistent with recent analysis of MKS module proteins in C. elegans [12] . In addition, the transiting SSTR3 transmembrane protein required several hours of forced interaction to drag B9D1 out of the transition zone ( Figure 6 ). We therefore propose that the MKS complex plays both a structural role in the transition zone and a functional role in regulating entry of membrane proteins.
In contrast to the NUP and MKS components, which localize largely to the inner and outer regions of the ciliary gating zone, respectively, the NPHP components appear to be more widely distributed. For NPHP5, the BiFC interactions indicate that this protein is accessible throughout the inner-outer axis of the ciliary gating zone ( Figure 7A ). NPHP5 forms a complex with CEP290/ NPHP6, and the localization of these proteins along the longitudinal axis of the ciliary gating zone ranges from basal body to transition zone [19, 25, 27, [36] [37] [38] . CEP290 is a dynamic component of the transition zone in Chlamydomonas [19] , and we were thus surprised to find that NPHP5 is largely immobile at the cilium base in mammalian cells ( Figure 7B ). Being a stable component of the ciliary gating zone, NPHP5 may play a structural role and NPHP6 may regulate its turnover and/or function during ciliary gating. For NPHP4, its N-terminal region most likely occupies the most outer position within the ciliary gating zone as it interacts only with the transmembrane protein SSTR3 ( Figure 7A ). However, the C-terminal region of NPHP4 maps to the innermost region of the ciliary gating zone, close to the doublet microtubules of the axoneme, based on its ability to interact only with the cytosolic proteins KIF17 and Gli2 ( Figure 7A ). This is consistent with reports that NPHP4's partner protein NPHP8 (RPGRIP1L) localizes close to the doublet microtubules in mammalian cells [12, 27] , NPHP4 shows genetic interactions with OSM-3 (KIF17 homolog) in C. elegans [39] , and NPHP4 can co-immunoprecipitate a-tubulin [40] . The ability of NPHP4 to physically span the inner-to-outer axis of the ciliary gating zone suggests that NPHP4, together with its partner proteins NPHP1 and NPHP8 [14, 25] , may play a structural role and thereby impact the gated entry of both membrane and cytosolic proteins into the ciliary compartment [18, 20] . However, NPHP4 is a dynamic component of the cilium base in mammalian cells ( Figure 7B ), despite its apparent stability at the base of Chlamydomonas flagella [18] . These results may reflect differences in the structural organization of the ciliary gating zone among species and indicate that further work is clearly needed to uncover the localization and function of NPHP subcomplexes.
A major advantage to the BiFC assay is that it enables direct visualization of protein interactions in living cells with limited cell perturbation and without specialized equipment or data processing [41, 42] . BiFC can report on interactions that are weak and/or transient, direct or indirect, and occur among a subpopulation of proteins. In our hands, the BiFC interactions were independent of protein expression level; however, like other protein-protein interaction assays, the BiFC assay is subject to both false-positive interactions (e.g., nonspecific self-assembly of the fluorophore) and false-negative interactions (e.g., interacting proteins are unable to reconstitute YFP). Techniques, such as superresolution and electron microscopy, are needed to confirm the spatial localizations of gate components suggested by our interaction analysis.
The finding that components of the ciliary gate are dynamic seems, at first glance, antithetical to the function of ciliary gating. However, there are many examples in biology where a macromolecular complex may itself be a stable entity and yet the components of the complex undergo rapid turnover, including intermediate filaments, adherens junctions, and nuclear pore complexes [34, [43] [44] [45] . In addition, the ciliary gate itself has been shown to be dynamic in terms of migrating along the axoneme during Drosophila spermatogenesis [7] , and turnover of gate components may facilitate this migration event. Finally, given the ability of cilia to shed ectosomes from their tips [46] [47] [48] [49] [50] , gating/sorting mechanisms most likely exist at both the base and the tip of cilia that together regulate the protein and lipid content of the organelle.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kristen J. Verhey (kjverhey@umich.edu). The use of mNeonGreen [57] is covered by an MTA with Allele Biotechnology.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines
Male NIH 3T3 cells, purchased from ATCC Cat#CRL-1658 RRID: CVCL_0594, were grown in DMEM (GIBCO) supplemented with 10% fetal clone III (Hyclone) and 1% GlutaMAX (GIBCO) at 37 C and 5% CO2. 
METHOD DETAILS Antibodies and plasmids
Commercial antibodies for acetylated a-tubulin (1:10,000, Sigma, 6-11B-1) and the epitope tags Myc (1:500, Sigma, C3956) and HA (1:1,000, Covance, 16B12) were used. Secondary antibodies for immunofluorescence were from Jackson ImmunoResearch and Invitrogen (1:500). All plasmids were constructed by subcloning via convenient restrictions sites or PCR into a pEGFP-N1 or pEGFP-C1 backbone. All constructs utilize full-length proteins with cDNAs derived from the following plasmids: pN1-Arl13b-mCherry [23] , pN1-KIF17-mCitrine [51] , pCMV-Nup62-EGFP3 (purchased from EUROSCARF [34] ), pCDNA3-6xMYC-Gli2 [52] , pCMV-SSTR3-EGFP (gift of Dr. Brad Yoder [53] ), pDONR-GRP161 (purchased from DNASU), pENTR-NPHP4 and pENTR-NPHP5 (gifts of Dr. Friedhelm Hildebrandt [54] ), pGLAP5-B9D1 (gift of Dr. Jeremy Reiter [9] ), and pC3-EGFP-AHI1 (Addgene #30494, gift of Dr. Joseph Gleeson [55] ). The 30 nm SAH domain from Trichomonas vaginalis Kelch-motif family protein has been described [58, 59] .
BiFC constructs
We began our studies using fragments of the YFP variant Venus [N-terminal aa1-172, (Addgene plasmid #22010) and C-terminal aa155-238/A206K (Addgene plasmid #22011), gifts from Dr. Chang-Deng Hu] because of its high efficiency in BiFC [56] . However, even the low levels of Venus self-assembly resulted in a background cytoplasmic fluorescence that obscured the positive BiFC signal. Previous work indicated that the optimal choice of YFP variants depends on the experimental conditions [60] , and we found that the combination of an N-terminal fragment (aa1-172) of the YFP variant mCitrine with the C-terminal fragment (aa155-238) of Venus resulted in low self-assembly (and low background fluorescence) but high BiFC fluorescence. Thus, for the work reported in this paper, the YFP N-terminal (YN) fragment comprises the N-terminal half of mCitrine whereas the YFP C-terminal (YC) fragment comprises the C-terminal half of Venus. Protein expression and localization was assessed by immunostaining for epitope tags and/or by fluorescent protein tags, however, for simplicity only the YN or YC tag is indicated throughout the main text. See Table S1 for detailed information about all of the BiFC constructs.
Serum-starvation and transfection NIH 3T3 cells were switched to serum-free media (to arrest cells in G1 and increase the number of ciliated cells in the population), transfected 8 hr later using 1.0-1.5 mg of DNA plus 3-4.5 mL of Trans-IT (Mirus) per 35 mm dish, and then fixed or imaged after an additional 16 hr. Generally, 20%-30% of cells expressed both fusion proteins. The entire slide was scanned for a visual assessment of protein expression levels and only cells expressing the fusion proteins at the lowest levels were imaged and analyzed. Each experiment was repeated R 3 times and the data were pooled. For FRAP analysis, cell lines stably expressing B9D1-NeonGreen, EGFP-AHI1, mCherry-NPHP4, or EGFP-NPHP5 were generated using FRT plasmids and integration into NIH 3T3 Flp-In cells (Life Technologies RRID: CVCL_U422) by selection in 150 mg/ml hygromycin B as described [24] .
Microscopy
For BiFC interaction analysis, the cilium itself and the expressed proteins were detected by fluorescent protein tags or with antibodies to epitope tags (see Table S1 ). The cells were fixed with 3.7% paraformaldehyde for 10 min, quenched with 50 mM NH 4 Cl in PBS for 5 min, permeabilized with 0.2% TX-100 in PBS for 5 min, and blocked in 0.2% fish skin gelatin in PBS for 20 min. The cells were stained with primary and secondary antibodies for 1h each at room temperature. Fluorescence images were obtained using an inverted epifluorescence microscope (Nikon TE2000-E) with 60x oil immersion objective (N.A. 1.4) and a Photometrics CoolSnap HQ camera. Cells were selected for imaging based on the expression of both BiFC partner proteins (Cer fluorescence or staining for the Myc or HA tags) and then the BiFC image (YFP filter) was obtained without prior observation. The same imaging parameters (camera, time of acquisition, filter sets, etc) were used for each fluorescence channel across experiments and thus the arbitrary units of fluorescence are comparable across figures and panels. For FKBP-FRB interaction analysis, 20 ng/ml rapamycin (EMD Milipore) was added to the culture medium for the indicated times before fixation or the same volume of ethanol was added as a control. The cells were fixed, stained, and imaged as described above for the BiFC assay.
For analysis of protein dynamics by FRAP, the cells were imaged live and analyzed as described [61] . A Nikon A1 confocal system with 60x water immersion objective (N.A. 1.20) equipped with a stage-top incubator was used. Fluorescence intensities were measured using ImageJ software (NIH). After background subtraction, the fluorescence intensities of the ROI were normalized against the averaged intensities of the three pre-photobleaching images.
QUANTIFICATION AND STATISTICAL ANALYSIS
For all figures, n represents the number of cells imaged across 3 or more experiments. For quantification of BiFC localizations, the fluorescence intensities at the base, tip, and shaft of the cilium was measured using ImageJ for each channel (each interacting protein and BiFC) and the background fluorescence of the cytoplasmic region next to the cilium was subtracted. A positive BiFC interaction was noted if the fluorescence intensity in the YFP channel was higher than that of the negative control (no BiFC interaction). The base versus tip of the cilium was defined based on the acetylated tubulin or Arl13b staining. For example, for acetylated tubulin staining, the base of the cilium is brighter and thicker and cytoplasmic microtubules can often be seen emanating from the base. In addition, e2 Current Biology 27, 2296-2306.e1-e3, August 7, 2017 gating zone components can localize adjacent to the cilium marker, whereas the localization of cilium tip proteins (e.g., KIF17 and Gli2) generally overlaps with the cilium marker.
For Nup62-FRB and KIF17-FKBP interaction analysis ( Figures 1G-1I ), the fluorescence intensities at the base or tip of cilia were quantified as follows. First, small ROIs at the tip and base of a cilium were selected and the mean fluorescence of each ROI was obtained in both the Nup62 and KIF17 channels. After background subtraction, the Nup62 fluorescence at both the base and the tip was divided by the Nup62 base fluorescence whereas the KIF17 fluorescence at both the base and the tip was divided by the KIF17 tip fluorescence. Thus, the graphs in Figures 1G-1I indicate the base (base/base) versus tip (tip/base) fluorescence for Nup62 or the base (base/tip) versus tip (tip/tip) fluorescence for KIF17 and thus graphically depict how the amount of Nup62-FRB at the tip increased relative to the base whereas the amount of KIF17-FKBP at the base increased relative to the tip during the time course. The data in Figures 1G-1I and Figure 5 are presented as the mean ± standard deviation. A two-tailed Student's t test (Excel) was used to examine the significance of fluorescence intensity differences. No methods were used to determine whether the data met assumptions of the statistical approach.
